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National Key Laboratory in targeting RNA, is currently employed for RNA degradation. However, the potential
of Crop Genetic Improvement, of various CRISPR/Cas13 subtypes, particularly concerning the knockdown of endog-
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Wuhan 430070, China enous transcripts, remains to be comprehensively characterized in plants.
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Production and Construction from five distinct subtypes: VI-A (LwaCas13a), VI-B (PbuCas13b), VI-D (RfxCas13d), VI-X
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exhibit enhanced stability with editing efficiencies ranging from 58 to 80%, closely fol-
lowed by Cas13y.1 and Cas13y.2. Notably, both Cas13x.1 and Cas13y.1 can simultane-
ously degrade two endogenous transcripts through a tRNA-crRNA cassette approach,
achieving editing efficiencies of up to 50%. Furthermore, different Cas13 orthologs
enable varying degrees of endogenous transcript knockdown with minimal off-target
effects, generating germplasms that exhibit a diverse spectrum of mutant phenotypes.
Transgenic tobacco plants show significant reductions in damage, along with mild
oxidative stress and minimal accumulation of viral particles after TMV infection.

Conclusions: In conclusion, our study presents an efficient and reliable platform
for transcriptome editing that holds promise for plant functional research and future
crop improvement.
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Background
The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated
protein (Cas) system has been engineered as a robust genome-editing tool, enabling

efficient manipulation of microbial, mammalian, and plant genomes. Current genome
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editing tools, particularly those utilizing programmable nucleases like CRISPR/Cas9,
have been extensively adopted for targeted DNA cleavage. RNAs, including mRNA,
IncRNA, and circular RNA, fulfill significant and diverse roles in biological processes.
A variety of methodologies have been developed to investigate the biological roles of
gene or RNA downregulation, including antisense RNAs, ribozymes, RNA interference
(RNAI), and CRISPR interference (CRISPRi). Nonetheless, these approaches face sev-
eral challenges related to efficiency, specificity, toxicity, and delivery [1]. RNAi is widely
used to modulate RNA stability by recognizing small interfering RNAs (siRNAs) [2—4].
However, RNAI exhibits reduced effectiveness against nuclear RNAs and is often linked
to a high incidence of off-target effects, as well as genetic instability [5, 6]. The CRISPRi
system comprises dead Cas9 (dCas9) in conjunction with transcriptional repressor pro-
teins, which are directed by guide RNA (gRNA) to specifically target promoter regions
and inhibit transcription. This system functions under the constraints of protospacer
adjacent motif (PAM) requirements and is also influenced by the background expression
levels of the target gene [7]. Although off-target effects can occur in CRISPRi systems,
they are considerably less frequent than those associated with RNAi, primarily due to
the proximity of the CRISPRi complex to the transcription start site (TSS) [8]. Conse-
quently, current transcriptome editing tools for targeting RNA to regulate or manipulate
gene expression remain limited.

Recently, CRISPR/Cas13, a novel RNA-guided RNA-targeting CRISPR/Cas system,
has been engineered to cleave RNA targets carrying complementary protospacers [9].
Casl13 proteins exhibit two distinct RNase activities: the processing of precursor CRISPR
RNA (pre-crRNA) into mature crRNA, and the degradation of target RNA mediated by
two Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) domains. Cas13
proteins enable precise RNA binding and cleavage, exhibiting a preference for targets
that include protospacer flanking sites (PFS), as evidenced in both bacterial and mam-
malian cells [10-13]. Studies have shown that two HEPNs can form catalytic sites for
RNase activity (termed collateral activity) on the protein surface when Cas13 binds to
the target RNA. This interaction may result in the hybrid cleavage of bystander RNAs,
in addition to the specific cleavage of target RNAs [14, 15]. Collateral activity fundamen-
tally differs from traditional off-target effects. Off-target effects are largely independent
of the presence of the intended on-target, whereas collateral activity is activated only
upon recognition of on-target RNA that perfectly matches the crRNA [16]. In princi-
ple, conventional off-targets can also trigger collateral activity, provided that the mis-
match is tolerated. Notably, substantial variation in collateral activity has been observed
among different subtypes of Cas13 proteins within mammalian cells [17]. Intriguingly,
the extent of collateral activity also varies across different cell types [18]. Therefore, dif-
ferent subtypes of Casl3 may exhibit variations in editing efficiency and characteristics
across both plant and mammalian cells. It is particularly crucial to investigate whether
distinctions exist between these two cell types.

Based on phylogenetic analysis, the Cas13 family is currently classified into 11 sub-
types: Casl3a, Casl3b, Casl3c, Casl3d, Casl3e, Casl3f, Casl3g, Casl3h, Casl3i,
Casl3x, and Casl3y [10, 11, 19-23]. Although all Cas13 systems function as RNA-
guided RNases, they exhibit differences in protein size, structure, and efficiency within
eukaryotic cells. The positioning of HEPN domains, the length of the crRNA, and the
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spacer sequence differ depending on the specific type of Casl3 protein. In Casl3a,
Casl3c, and Cas13d, HEPN domains are located at both the center and the C-terminus
[10]. In contrast, for Cas13b, Cas13x, and Casl3y, HEPN domains are situated at the
extreme N-terminus and C-terminus of the linear protein [19, 22]. Moreover, the direct
repeat (DR) sequences of Cas13b, Cas13x, and Casl3y are positioned at the 5" end with
an orientation that contrasts with those observed in other subtypes. Among various
Casl3 systems, Casl13a, Cas13b, and Cas13d are the most widely used in mammalian
cells.

Casl3a is the first characterized subtype of the Cas13 family, with LshCas13a derived
from Leptotrichia shahii recognized for its ability to cleave single-stranded RNA (ssRNA)
[10, 24]. In contrast, Casl13a from Leptotrichia wadei (LwaCasl3a) demonstrates more
potent RNA-targeting activity than LshCasl3a [25]. Notably, Cas13b is distinctive
among type VI CRISPR effectors due to its linear domain architecture and the specific
positioning of the DR sequence. It exhibits superior efficacy compared to LwaCasl3a
and does not require a stabilizing protein for its activity in mammalian cells [24]. Cas13c
remains the least functionally characterized and shows lower efficiency in RNA target-
ing compared to Casl3a, Cas13b, and Cas13d [26]. Cas13d, including RfxCas13d from
Ruminococcus flavefaciens, shows minimal sequence similarity to previously character-
ized Casl3 nucleases. The median size of Cas13d proteins ranges from 190 to 300 amino
acids, which is approximately 26% smaller than that of the previously reported Casl13a,
Cas13b, and Casl3c proteins [7, 20]. It is recognized for its versatility and robust activ-
ity, and does not impose PFS constraints—unlike earlier Cas13 nucleases in mammalian
cells [26—28]. Recently identified subfamilies of Cas13 include Cas13x and Cas13y; nota-
bly, the Cas13x.1 protein is approximately 200 amino acids smaller than RfxCas13d [22].
It possesses capabilities for RNA knockdown, RNA repair, and RNA splicing [29-32], all
of which can be encapsulated within Adeno-associated viruses (AAVs) vectors. CRISPR/
Casl13 systems show enhanced catalytic activity and specificity, facilitating a wide range
of applications across diverse organisms [32-35].

In mammalian cells, CRISPR/Cas13 has been shown to effectively inhibit both nuclear
and cytoplasmic RNAs, as well as viral RNAs [7, 36, 37]. In plants, recent studies on
CRISPR/Cas13 systems have mainly focused on viral RNA interference, including Tur-
nip mosaic virus (TuMV) [27, 28, 38], Potato virus Y (PVY) [35], Tomato spotted wilt
virus (TSWV) [39], Tobacco mosaic virus (TMV) [40], Southern rice black-streaked
dwarf virus (SRBSDV) [40], Sweet potato virus disease (SPVD) [41], Grapevine virus A
(GVA) [42], and Rice stripe mosaic virus (RSMV) [40]. The evaluation of Cas13-medi-
ated endogenous mRNA knockdown has been reported in a limited number of stud-
ies involving plants, primarily focusing on the Casl3a subtype. LwaCasl3a effectively
facilitated the knockdown of three endogenous transcripts: 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), hydroxycinnamoyl transferase (HCT), and phytoene
desaturase (PDS) in rice protoplasts [25]. Successful knockdown of PDS transcripts in
Nicotiana benthamiana, Arabidopsis thaliana, and Solanum lycopersicum was achieved
using LbaCas13a and LbuCas13a via Agrobacterium infiltration [43]. It is regrettable that
various Casl3 orthologs from different subtypes, which are prevalent in mammalian
cells, have not yet been characterized in plant systems. Recent studies have highlighted
the collateral activity and toxic effects associated with Cas13 proteins, which can lead
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to adverse side effects in mammalian cells and organisms [17, 30, 44—46]. Nonetheless,
there is currently a lack of reports exploring the editing efficiency, potential toxicity, and
off-target effects of Casl3 subtypes for the knockdown of endogenous transcripts in
plants. Identifying Cas13 nucleases that exhibit elevated safety, specificity, and editing
efficacy is a primary objective in advancing plant RNA targeting technologies, which is
essential for broadening their potential applications in plants.

In this study, we present a full spectrum of the editing profiles of seven Cas13 orthologs
from five subtypes: VI-A (LwaCasl3a), VI-B (PbuCasl13b), VI-D (RfxCasl3d), VI-X
(Cas13x.1 and Casl3x.2), and VI-Y (Casl3y.l1 and Casl3y.2). This represents the first
report detailing the PbuCas13b, Cas13x.1, Cas13x.2, Cas13y.1, and Cas13y.2 systems in
plants. A systematic evaluation of the knockdown effects on two endogenous transcripts
(GhCLA and GhPGF in cotton) and an RNA virus (TMYV in tobacco) revealed that Rfx-
Casl3d, Casl3x, and Casl3y exhibited superior and more stable editing efficiencies,
followed by PbuCas13b, while LwaCas13a demonstrated the lowest efficiency. Notably,
both Cas13x.1 and Casl3y.1 exhibit the capability to simultaneously knockdown two
endogenous transcripts with high efficacy using a tRNA-crRNA cassette approach. All
Cas13 orthologs significantly enhanced resistance to TMV in transgenic tobacco plants.
This study systematically evaluates and characterizes the effectiveness and utility of vari-
ous Casl3 orthologs in plants, providing a valuable approach for analyzing gene func-
tion and is expected to facilitate future crop improvement.

Results

Designing and engineering various CRISPR/Cas13 systems for in planta expression

The selection of Casl3 orthologs was based on the intensity of RNA-editing activity
reported both in vitro and in mammalian cells. The spatial structures of the selected pro-
teins were predicted using AlphaFold, revealing that these proteins exhibit significantly
different spatial conformations. LwaCas13a (VI-A), PbuCas13b (VI-B), and RfxCas13d
(VI-D) possess more compact structures compared to Casl3y.2 (VI-Y). Interestingly,
Casl13x.1 (VI-X), Cas13x.2 (VI-X), and Cas13y.1 (VI-Y) display substantial differences
in their amino acid sequences, accompanied by relatively flexible spatial conformations
(Additional file 1: Fig. Sla). Therefore, these Cas13 orthologs were selected for a com-
prehensive assessment of their editing efficiency and catalytic activities in RNA degrada-
tion within plant systems.

To engineer binary vectors for in planta expression of CRISPR/Casl3 orthologs, we
codon-optimized the nucleotide sequences of LwaCasl3a, PbuCasl13b, RfxCasl3d,
Casl3x.1, Casl3x.2, Casl3y.1, and Casl3y.2 based on plant genomics characteristics.
Each Casl3 ortholog was co-delivered with position-matched crRNAs and their corre-
sponding DR sequences to ensure effective targeting in plants (Fig. 1a). Cas13 orthologs
were assembled using unique restriction enzymes to generate full-length clones flanked
by attL1 and attL2 recombination sites. It has been demonstrated that nuclear locali-
zation signals (NLS) can significantly enhance the knockdown activity of Casl13x [22].
Therefore, two types of NLS were fused to both the C-terminus and N-terminus of the
Casl3 protein. All Casl3 genes were driven by the pOSUbi10 promoter, while crRNA
transcription was facilitated by the endogenous type III promoter pGhli6-7 derived
from cotton, in accordance with our recent studies [47, 48] (Fig. 1b).
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Fig. 1 Programmable design and efficiency assessment of various Cas13 orthologs in cotton. a Structural
representations of various Cas13 orthologs and their corresponding crRNA structures. aa: amino acid. b
Schematic representation of a multi-guide expression cassette design to target the endogenous transcripts
GhCLA and GhPGF. ¢ Sequence information of the target transcripts for different Cas13 proteins. d-j Transcript
levels of the GhCLA gene in transgenically edited plants expressing the LwaCas13a, PbuCas13b, RfxCas13d,
Cas13x.1, Cas13x.2, Cas13y.1, and Cas13y.2 systems, respectively. Regenerated plants were assigned numerical
identifiers based on the classification of Cas13 protein subfamilies and the target gene GhCLA. For instance,
the label AC# indicates T, generation plants that underwent LwaCas13a-mediated knockdown of the GhCLA
gene, while the corresponding T, generation is designated as AC#L. k Comparison of the knockdown
efficiency of GhCLA transcripts mediated by different Cas13 orthologs in several T, regenerated plants. Error
bars represent the mean£5S.D. (n=3)

The GhCLA (Chloroplastos alterados) gene, plays a crucial role in chloroplast develop-
ment. Previous studies have shown that knockout mutants of this gene exhibit an albino
phenotype [49, 50]. Additionally, silencing the GhPGF (Pigment gland formation) gene
through RNAi, CRISPR/Cas9 or CRISPR/Cas12 results in a glandless phenotype [51-53].
In contrast to the complete knockout strategy enabled by CRISPR/Cas9, we propose that
utilizing the CRISPR/Cas13-mediated knockdown approach targeting the GhCLA and
GhPGF genes may yield plants with milder mutant phenotypes, such as chlorophyll loss
and a reduced number of glands. Consequently, the two endogenous genes GhCLA and
GhPGF were selected as target transcripts to evaluate the editing efficiency of various
CRISPR/Cas13 systems. Tissue-specific expression was observed for both transcripts,
revealing a statistically significant difference in RNA abundance between them (Addi-
tional file 1: Fig. S1b). A previous study indicated that the tRNA-gRNA transcription unit
can enhance gRNA transcription within the CRISPR/Cas system for plant genetic editing
[48, 53]. Therefore, a specific crRNA (crRNA-T) was designed to target GhCLA, leading
to the construction of seven targeted vectors utilizing the tRNA-crRNA T transcrip-
tion unit. In addition, two crRNAs (crRNA-T1 and crRNA-T2) were developed to target
GhPGF, resulting in seven additional vectors created using the tRNA-crRNA T1-tRNA-
crRNA T2 strategy (Fig. 1c & Additional file 2: Table S1). Agrobacterium-mediated
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transformation was applied to introduce T-DNA containing different CasI3 genes and
crRNAs into the cotton plant genome (Additional file 1: Fig. Sc).

Cas13 orthologs efficiently facilitated the degradation of GhCLA transcripts using a single
crRNA in cotton

Through Agrobacterium-mediated transformation, a substantial number of indepen-
dently regenerated plants were obtained that harbor Cas13 systems specifically targeting
the GhCLA gene using a single crRNA. For each Cas13 system, more than 15 positive T,
plants were selected to measure the transcript levels of target genes (Additional file 2:
Table S2). Regenerated plants were assigned numerical identifiers according to the clas-
sification of Cas13 protein subfamilies and their target gene. For instance, the label AC#
indicates T, generation plants that underwent LwaCasl3a-mediated knockdown of
the GhCLA gene, while the corresponding T, generation is designated as AC#L. Seven
Casl3 genes exhibited well transcription across all T, plants, as confirmed by quantita-
tive reverse transcription PCR (qRT-PCR) (Additional file 1: Fig. S2). To assess the effi-
cacy of the CRISPR/Cas13 systems in degrading targeted mRNA using a single crRNA,
qRT-PCR was performed to measure the transcript levels of GZCLA. The decrease in
transcript abundance is quantified as the editing efficiency of the Cas13 systems.

It was observed that the transcript levels of GEICLA were specifically downregulated
in all T, plants, while the control (non-crRNA vector) remained unchanged. The aver-
age transcript levels of GECLA in LwaCasl3a-edited plants decreased to 65.3%, with
plant #10 (designated as AC#10) exhibiting the lowest recorded level at 32.7% (Fig. 1d).
In contrast, the average transcript levels mediated by PbuCas13b declined to 47.4%, with
the lowest level found in plant #11 (designated as BC#11), which reached 30.5% (Fig. 1e).
The mRNA transcript levels were significantly downregulated in RfxCasl13d-edited
plants, ranging from 30 to 40%, with a notable decrease of 25.4% observed in plant #12
(designated as DC#12) (Fig. 1f). Notably, the average transcript levels of GKCLA in
edited plants mediated by Cas13x.1, Cas13x.2, Cas13y.1, and Cas13y.2 were measured at
29.8%, 32.1%, 35.3%, and 39.7%, respectively (Fig. 1g-j).

In conclusion, CRISPR/Cas13 systems possess the capability to target and knockdown
GhCLA transcripts using a single crRNA. The average editing efficiencies were 34.7%
for LwaCasl13a, 52.6% for PbuCas13b, 64.3% for RfxCas13d, 70.2% for Cas13x.1, 67.9%
for Casl3x.2, 64.7% for Casl3y.1, and 60.3% for Casl3y.2 (Fig. 1k). Notably, the edit-
ing efficiency of LwaCas13a has been reported to range from 58 to 88% in mammalian
cells, exceeding 50% and reaching as high as 78% in rice protoplasts [25]. However, our
study revealed that the editing efficiency of LwaCas13a was significantly lower in sta-
bly edited plants, with most efficiencies concentrated between 30 and 50%. A compre-
hensive assessment of multiple CRISPR/Cas13 nucleases confirmed that RfxCas13d,
Casl3x, and Casl3y possess superior editing efficiencies along with enhanced stability,
followed by PbuCas13b. In contrast, LwaCas13a exhibited the lowest level of mRNA
decay activity. These findings indicate that all tested CRISPR/Cas13 orthologs are capa-
ble of performing targeted mRNA decay to modulate gene expression in cotton; how-
ever, variations in editing efficiency were observed.
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Efficient degradation of GhCLA transcripts leads to a chlorophyll fading phenotype

that is faithfully inherited to T, progeny

Several independent T, cotton plants, including AC#8 (plant #8 of LwaCas13a-GhCLA),
BC#1 (plant #1 of PbuCas13b-GhCLA), DC#1 (plant #1 of RfxCas13d-GhCLA), X1C#1
(plant #1 of Cas13x.1-GhCLA), X2C#1 (plant #1 of Cas13x.2-GhCLA), Y1C#1 (plant #1
of Cas13y.1-GhCLA) and Y2C#2 (plant #2 of Cas13y.2-GhCLA), exhibited a distinct phe-
notype characterized by chlorophyll fading throughout the entire plant (Fig. 2a). These
plants displayed varying degrees of chlorophyll fading during the genetic transformation
process, which may be attributed to differences in cleavage efficiency among the various
Casl3 orthologs. The chlorophyll content extracted and quantified from the leaves of
T, seedlings revealed significant reductions of 32%, 46%, 60%, 65%, 68%, 70%, and 68%
for AC#8, BC#1, DC#1, X1C#1, X2C#1, Y1C#1, and Y2C#2, respectively, in comparison
to control plants (Fig. 2b). This decline in chlorophyll content was consistent with the
observed reduction in transcript levels of the GZCLA gene.

To evaluate the potential inheritance of Casl3-mediated knockdown in the germline
to T, progeny, we assessed the editing efficiency of T, generations. All nomenclature for
the T, and T, generations exhibits systematic consistency; specifically, the T, genera-
tion is designated as AC#1, while its corresponding T, generation is labeled as AC#L1.
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Fig. 2 Editing efficiency and phenotypes of various Cas13 orthologs targeting GhCLA transcripts with a
single crRNA. a Chlorophyll fading phenotypes of T, Cas13-edited plants during Agrobacterium-mediated
transformation. Bars, 1 cm. b Chlorophyll content in the leaves of transgenic plants, with representative
wells containing chlorophyll extract shown below (in green). Ca: chlorophyll a; Cb: chlorophyll b; Ct:

total chlorophyll. Bars, 1 cm. ¢ Transcript levels of the GhCLA gene in T, plants expressing the LwaCas13a,
PbuCas13b, RfxCas13d, Cas13x.1, Cas13x.2, Cas13y.1, and Cas13y.2 systems, respectively. d Comparison of
knockdown efficiency for GhCLA transcripts mediated by various Cas13 orthologs in T, plants. e Chlorophyll
fading phenotypes of T, seedlings. Bars, 4 cm. f Quantification of chlorophyll in 4-week-old T, seedlings,
with representative wells containing chlorophyll extract shown below (in green). Error bars represent the
mean=+S.D. (h=3).Bars, 1 cm
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Seedlings were cultivated in a nutrient solution until they reached the second true leaf
stage. More than 10 positive T, lines for each CRISPR/Casl3 ortholog were identi-
fied through molecular detection, confirming that Casl3 genes were well and consist-
ently transcribed (Additional file 1: Fig. S3). An analysis of target transcripts revealed
that transcript levels of the GECLA gene were specifically downregulated in selected T,
plants, whereas the control levels remained unchanged (Fig. 2c). The average editing effi-
ciencies were 37.3%, 44.0%, 66.0%, 68.0%, 68.4%, 68.8%, and 66.2% for LwaCas13a, Pbu-
Casl3b, RfxCas13d, Cas13x.1, Casl3x.2, Cas13y.1, and Casl3y.2, respectively (Fig. 2d).
These results showed a consistent trend with the editing efficiencies observed in T,
plants. Phenotypic analysis of 4-week-old T, seedlings, along with chlorophyll meas-
urements of the second true leaf, revealed that seedlings harboring different Casl13
orthologs exhibited varying degrees of discoloration (Fig. 2e & f). These findings suggest
that RNA degradation mediated by these Cas13 systems, along with the resulting pheno-
types, can be reliably inherited from T parental plants to their T, progeny.

Cas13 orthologs utilize two crRNAs to effectively downregulate GhPGF transcripts
Transgenic plants expressing Cas13 orthologs targeting the GhPGF gene were generated
via Agrobacterium-mediated transformation (Additional file 2: Table S3). More than 10
positive T, plants exhibiting well-expressed Cas13 proteins for each Casl3 system were
screened to evaluate editing efficiency (Additional file 1: Fig. S4). Regenerated plants
were assigned numerical identifiers based on the classification of Casl13 protein sub-
families and their target gene. For instance, the label AP# indicates T, generation plants
that underwent LwaCasl3a-mediated knockdown of the GEPGF gene, while the corre-
sponding T, generation is designated as AP#L. The results indicated that the transcript
levels of GhPGF were specifically downregulated in the selected transgenic plants com-
pared to control plants. Average decreases in GhPGF transcript levels were observed at
51.3%, 42.1%, 32.3%, 29.1%, 31.0%, 33.0%, and 34.0% for LwaCas13a, PbuCas13b, Rfx-
Cas13d, Cas13x.1, Cas13x.2, Casl3y.1, and Casl13y.2, respectively (Fig. 3a-3g). Consist-
ent with the editing effects noted on the GEZCLA gene, RfxCas13d, Cas13x, and Casl3y
demonstrated significantly higher efficiencies in degrading the GhZPGF gene, followed by
PbuCas13b and LwaCas13a (Fig. 3h). These findings further corroborate that all Cas13
systems can accurately and stably cleave targeted mRNAs using a dual-crRNA cassette
approach, thereby effectively downregulating gene expression.

Downregulation of GhPGF transcripts using CRISPR/Cas13 orthologs results in a reduced
gland phenotype in cotton

Several T, positive plants, effectively edited with Cas13 orthologs targeting GhPGF,
underwent phenotypic characterization. The total number of gossypol glands in the
edited plants was reduced to varying degrees compared to control plants; however,
no other significant phenotypic differences were observed (Fig. 3i). A notable reduc-
tion in the number of gossypol glands on cotton bolls was evident in the Casl3-
edited plants (Fig. 3j). The number of gossypol glands on the cotton bolls decreased
by 30.9%, 38.3%, 49.4%, 55.6%, 51.9%, 50.6%, and 53.1% for the plants designated
as AP#3, BP#2, DP#3, X1P#2, X2P#3, Y1P#4, and Y2P#3, respectively (Fig. 4a). To

more accurately assess the impact of reduced GhPGF transcripts, we quantified the
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Fig. 3 Various Cas13 orthologs utilize two crRNAs to effectively downregulate GhPGF transcripts. a-g
Transcript levels of the GhPGF gene in T, transgenic plants expressing the LwaCas13a, PbuCas13b, RfxCas13d,
Cas13x.1,Cas13x.2, Cas13y.1, and Cas13y.2 systems, respectively. Error bars represent the mean+S.D.

(n=3). Regenerated plants were assigned numerical identifiers based on the classification of Cas13 protein
subfamilies and the target gene GhPGF. For instance, the label AP# indicates T, generation plants that
underwent LwaCas13a-mediated knockdown of the GhPGF gene, while the corresponding T, generation is
designated as AP#L. h Comparison of the knockdown efficiency of GhPGF transcripts mediated by various
Cas13 orthologs in T, plants. i Phenotypes of T, transgenic plants expressing different Cas13 proteins. Bars,

5 cm. j Phenotypes of cotton bolls in T, transgenic plants. Bars, 1 cm

gossypol content in leaves from both edited and control plants. Analysis revealed a
significant reduction in gossypol levels in the leaves of T, edited plants (Fig. 4b). As
expected, the number of glands on cotton bolls and the gossypol content in the leaves
were consistent with the downregulation trend of GEPGF transcripts.

More than 6 independent T, lines at the 6-week-old stage, which exhibited well-
expressed Casl3 proteins, were selected for further evaluation of editing stability
(Additional file 1: Fig. S5a-S5e). The transcript levels of GZPGF were consistently sup-
pressed, demonstrating an average downregulation of 53.8% for LwaCasl3a, 56.1%
for PbuCas13b, 34.2% for RfxCas13d, 34.0% for Casl3x.1, 31.3% for Cas13x.2, 33.5%
for Cas13y.1, and 34.7% for Cas13y.2 (Fig. 4c & d). This downregulation exhibited a
similar trend with the editing efficiencies observed in T, plants (Fig. 4e). Meanwhile,
several seeds from the T, generation were randomly selected and incubated until ger-
mination, revealing a significant reduction in gossypol glands compared to the control
(Fig. 4f). Analysis of gossypol content in cotton bolls indicated a substantial decrease
in T, plants at the same developmental stage, particularly among those edited with
RfxCas13d, Cas13x, and Cas13y (Fig. 4g). In the presence of CRISPR/Cas13 proteins,
both the knockdown effects and the resulting phenotypes can be stably inherited
across subsequent generations. Notably, T, progeny lacking CRISPR/Cas13 proteins
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Fig. 4 Downregulation of GhPGF transcripts leads to a reduced gland phenotype in cotton. a Gland
number of transgenic cotton bolls per cm?. Statistical significance denoted by differing letters at P<0.05

as determined by Student’s t-test. b Gossypol content in the leaves of T, transgenic plants. Statistical
significance denoted by differing letters at P <0.05 as determined by Student’s t-test. c-d Transcript levels

of the GhPGF gene in T, transgenic plants expressing the LwaCas13a, PbuCas13b, RfxCas13d, Cas13x.1,
Cas13x.2, Cas13y.1, and Cas13y.2 systems, respectively. e Comparison of the knockdown efficiency of GhPGF
transcripts mediated by various Cas13 orthologs in T, plants. f Phenotypes of T, seeds observed under a
stereomicroscope; Control: wild-type seeds; Bars, 1000 pm. g Relative gossypol content in T, cotton bolls.
Error bars represent the mean£S.D. (n=3)

exhibited no significant differences in transcript levels of the targeted genes GhCLA
and GhPGF compared to wild-type plants (Additional file 1: Fig. S5f).

In conclusion, all seven CRISPR/Cas13 orthologs, derived from five distinct subtypes, have
been demonstrated to effectively utilize either a single crRNA or two crRNAs for the program-
mable knockdown of endogenous transcripts in plants. RfxCas13d, Cas13x.1, and Cas13x.2
exhibit enhanced stability and achieve editing efficiencies exceeding 58%, with a maximum
efficiency recorded at 80%. Following these, Cas13y.1 and Cas13y.2 show editing efficiencies
ranging from 50 to 78% and 43% to 76%, respectively. In contrast, LwaCas13a displays the low-
est level of mRNA decay activity, while PbuCas13b shows slightly higher activity compared to
LwaCas13a. No silencing effect on target genes was observed in T, progeny lacking CRISPR/
Casl3 proteins after the segregation of T-DNA insertion events. It has been reported that
Cas13 may exert toxic effects, potentially due to its RNase activity associated with pre-crRNA
processing [54—57]. However, no significant toxic effects of Cas13 have been observed in cot-
ton embryos or mature plants, which aligns with findings from other plant studies [27, 43].

Both Cas13x.1 and Cas13y.1 orthologs mediate the simultaneous knockdown of GhCLA
and GhPGF transcripts
We integrated two guide crRNAs into a single vector to assess the capability of

CRISPR/Casl13 for the simultaneous knockdown of two transcripts, aiming to extend

Page 10 of 26
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its application for multiplexed editing in plants. The Cas13x.1 and Cas13y.1 orthologs
were selected to target the GhCLA and GhPGF genes, respectively. Therefore, crRNA-T
(targeting GECLA) and the crRNA-T1 (targeting GhPGF) were chosen to construct the
vectors Casl3x.1-GhCLA-GhPGF and Casl3y.1-GhCLA-GhPGF, respectively (Fig. 5a).
More than 8 transgenic plants were generated through Agrobacterium-mediated trans-
formation (Additional file 2: Table S4), in which either Cas13x.1 or Cas13y.1 protein was
successfully expressed (Additional file 1: Fig. S5g & S5h). The designations X1CP# and
Y1CP# refer to T, generation plants that underwent the knockdown of both the GZICLA
and GhPGF genes, mediated by either the Cas13x.1 or Casl3y.1 systems. The corre-
sponding T, generation plants are designated as X1CP#L and Y1CP#L.

The transcript levels of GECLA and GhPGF were significantly reduced to 31.2% and
26.7%, respectively, in the X1CP#8 plant. In the Cas13x.1-GhCLA-GhPGF edited plants,
the average transcription abundance of GKCLA and GhPGF transcripts decreased to
38.5% and 50%, respectively (Fig. 5b). For the Casl13y.1-GhCLA-GhPGF edited plants,
transcript levels of GhCLA and GhPGF were notably diminished to 28.4% and 30% in
Y1CP#2; additionally, their average transcription abundances decreased to 30.6% and
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46.2%, respectively (Fig. 5¢). As anticipated, Casl3x.1 and Casl3y.l can simultane-
ously degrade two endogenous transcripts, resulting in a reduction in RNA abundance
for both the GECLA and GhPGF genes, with an average editing efficiency of up to 50%
(Fig. 5d). These edited plants displayed a chlorophyll-fading phenotype (Fig. 5e), with
chlorophyll content declining to 40.1% in X1CP#1 and 43.6% in X1CP#2, respectively.
Similarly, chlorophyll content was reduced to 43.1% in Y1CP#1 and 41.1% in Y1CP#2
compared to control plants (Fig. 5f).

Six positive T, lines for each vector were identified and selected for the analysis of
RNA transcription abundance (Additional file 1: Fig. S5i). Furthermore, several seeds
from T, generation were randomly chosen and incubated until germination. The number
of gossypol glands in the germinated T, seeds showed a significant reduction compared
to the control (Additional file 1: Fig. S6a). The average transcript levels of the GZCLA
and GhPGF genes decreased by 60.8% and 44% for Cas13x.1 (Fig. 5g), and by 68% and
46.8% for Casl3y.1, respectively (Fig. 5h). Both Cas13x.1 and Cas13y.1 efficiently medi-
ated multiple RNA knockdown events, achieving higher efficiency than traditional tech-
nologies (Fig. 5i). These findings provide the first evidence that CRISPR/Cas13 systems
enable precise editing of multiple transcripts in plants, resulting in phenotypic traits
with stable heritability. Consequently, a summary table was created to elucidate the
editing characteristics associated with various Cas13 orthologs, encompassing aspects
such as protein size, structural features, preferences for PAM sequences, positions of DR
sequences, and editing efficiency (Fig. 5j).

Efficient RNA interference targeting of TRV transcripts in tobacco plants

Subsequently, we conducted a comprehensive evaluation of the interference activities
exhibited by these CRISPR/Cas13 systems in targeting exogenous RNA viruses. TMV
(Tobacco mosaic virus), one of the most destructive single-stranded RNA viruses affect-
ing over 200 plant species, was chosen as the target virus. An analysis of the TMV
genome revealed four open reading frames (ORF) that encode two replicative enzymes.
Two crRNAs (crRNA1 and crRNA2) were designed to target conserved regions within
TMV (Fig. 6a). TRV (Tobacco rattle virus) was selected as an additional target, and
crRNA3 was designed to target the CP region of TRV RNA2 (Fig. 6b). Agrobacterium-
mediated transformation was employed to generate stable transgenic plants of N.
benthamiana plants expressing various Casl3 orthologs, including LwaCas13a-TMV
(A-TMV), PbuCasl3b-TMV (B-TMV), RfxCasl3d-TMV (D-TMV), Casl3x.1-TMV
(X1-TMV), Casl3x.2-TMV (X2-TMV), Casl3y.l-TMV (Y1-TMV), Casl3y.2-TMV
(Y2-TMV), LwaCas13a-TRV (A-TRV), and PbuCas13b-TRV (B-TRV) (Fig. 6¢ & Addi-
tional file 2: Table S5). Regenerated plants were assigned numerical identifiers based
on the designation of Casl13 protein subfamilies and their corresponding target viruses.
For example, T, generation plants are designated as A-TMV#, while the corresponding
T, generation plants are labeled as A-TMV#L. Notably, no abnormalities in growth or
development were observed throughout the regenerative transformation process.

An optimized TRV-RNA-based fluorescent reporter system expressing the GFP gene
effectively monitors the dissemination of the CP-GFP fusion protein in tobacco leaves,
thereby facilitating visualization of the viral infection process (Fig. 6d). More than 9
independent transgenic plants of A-TRV and B-TRV were selected for TRV infection,
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Fig. 6 Various Cas13 orthologs for RNA interference in tobacco plants. a Schematic representation of TMV
and detailed information on the targeted sequences for various Cas13 orthologs. b Structure of TRV RNA2
along with specific details of the crRNA sequences. ¢ Agrobacterium-mediated genetic transformation of
tobacco, utilizing the K326 as the transformation recipient. Bars, 2 cm. d The TRV system expressing GFP was
employed as a reporter system to evaluate Cas13 activity in transient assays. GFP: green fluorescent protein.
e Monitoring GFP expression to assess Cas13-mediated viral interference activities in tobacco leaves during
transient assays. Bars, 2 cm. f Relative transcript levels of different Cas3 genes in T, transgenic tobacco
plants. Regenerated plants were assigned numerical identifiers based on the classification of Cas13 protein
subfamilies and their target viruses. For instance, T, generation plants are designated as A-TMV#, while the
corresponding T, generation plants are labeled as A-TMV#L. g Disease symptoms observed in T, transgenic
plants infected with TMV at 7 dpi. Bars, 10 cm. h Virus accumulation assessed at 7 dpi using ELISA. i Virus
accumulation evaluated at 7 dpi through gRT-PCR. Error bars represent the mean+S.D. (n=3)

exhibiting relatively comparable levels of Casl3 protein expression (Additional file 1:
Fig. S6b & S6¢). Consistent with our previous findings, both Cas13 orthologs exhibited
RNA interference activity against TRV. Notably, a reduction in GFP fluorescence was
observed in the edited TRV-GFP leaves, with PbuCas13b demonstrating greater inter-
ference activity compared to LwaCas13a (Fig. 6e). This finding underscores the function-
ality and efficacy of the CRISPR/Cas13 system in mediating viral interference in planta.

Different Cas13 orthologs confer efficient interference against TMV infection

Randomly selected positive T, transgenic plants (15 individuals per Casl3 system)
were inoculated with TMV at the 3-week-old stage, and their viral resistance was sub-
sequently assessed through symptom evaluation and molecular analysis (Fig. 6f). Wild-
type tobacco plants were inoculated with TMV as positive controls, while those treated
with H,O served as negative controls. We observed that TMV-infected wild-type plants
exhibited typical viral symptoms at 7 days post-inoculation (dpi), including a mosaic pat-
tern, pronounced leaf shrinkage, and curling. In contrast, T, transgenic plants displayed
no symptoms and maintained normal developmental morphology, closely resembling
that of H,O-treated wild-type plants (Fig. 6g).



Yu et al. Genome Biology ~ (2024) 25:307 Page 14 of 26

Serological analysis using enzyme-linked immunosorbent assays (ELISA) was per-
formed on the selected plants. Compared to positive controls, viral titers in most trans-
genic plants were below detection limits (less than 0.25), indicating that the majority
of tested transgenic plants exhibit resistance to TMV infection. The number of resist-
ant plants identified by ELISA included 9 (60.0%) for A-TMV, 10 (66.7%) for B-TMV,
12 (80.0%) for D-TMV, 13 (86.7%) for X1-TMYV, 13 (86.7%) for X2-TMV, 13 (86.7%)
for Y1-TMV, and 13 (86.7%) for Y2-TMV (Fig. 6h). The resistance of transgenic plants
to TMV was further validated through qRT-PCR assays, which revealed a significant
reduction in TMV transcript accumulation in leaves at 7 dpi (Fig. 6i). These findings sug-
gest that Casl3 systems can effectively facilitate the degradation of specific viral RNA
sequences, thereby conferring resistance to TMV in transgenic plants.

Stable inheritance of resistance to TMV in transgenic tobacco progeny

Positive T, transgenic plants (10 individuals per Casl3 system) were subsequently
infected with TMV to further assess their resistance at the 3-week-old stage. Wild-type
plants exhibited typical mosaic leaf symptoms beginning at 7 dpi. By 40 dpi, the entire
plant displayed noticeable growth deformities and dwarfism, resulting in a marked
reduction in seed yield. In contrast, most transgenic lines showed only mild symptom:s;
notably, some transgenic plants edited with RfxCas13d, Cas13x, and Cas13y showed no
apparent symptoms at 40 dpi (Fig. 7a). The markedly reduced accumulation of TMV in
the leaves of transgenic plants at 40 dpi was further corroborated by ELISA and qRT-
PCR assays (Fig. 7b & ¢). Similar results were observed in the T, generation, suggesting
that TMV resistance mediated by the CRISPR/Cas13 system is heritable.

Transgenic lines exhibiting varying expression levels of Cas13/crRNA, with differences
ranging from 2- to 3-fold, were selected to assess their resistance to TMV (Fig. 7d &
Additional file 1: Fig. S6d). Severe mosaic symptoms were observed in TMV-infected
wild-type plants; however, transgenic lines with low expression levels (e.g., A-TMV#L6)
displayed mild mosaic symptoms (Additional file 1: Fig. S6e). In contrast, the transgenic
lines with high expression levels (e.g., A-TMV#L2) showed no obvious symptoms. The
positive correlation between Cas13/crRNA expression and the inhibition of TMV accu-
mulation is further substantiated by the aforementioned ELISA and qRT-PCR data.

To investigate the detrimental effects after TMV infection, we further assessed the
levels of reactive oxygen species (ROS), hydrogen peroxide (H,0,), and superoxide dis-
mutase (SOD) in TMV-inoculated transgenic plants expressing various Cas13 orthologs
at 7 dpi. Similarly, wild-type tobacco plants were inoculated with TMV as positive con-
trols, while those treated with H,O served as negative controls. A higher accumulation
of ROS and H,0, was observed in TMV-infected wild-type plants, whereas transgenic
plants exhibited significantly lower levels of these compounds in the infected leaves.
Notably, minimal to no accumulation of ROS and H,O, was detected in the leaves of
wild-type plants treated with H,O (Fig. 7e & f). Meanwhile, the antioxidant activity of
SOD was significantly elevated, peaking in wild-type plants infected with TMV, and
exceeding the levels observed in transgenic plants (Fig. 7g). Collectively, these findings
indicate that resistant transgenic plants exhibit minimal damage due to the effective
expression of Cas13/crRNA, which facilitates the degradation of TMV transcripts and
reduces the accumulation of TMV particles.
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Fig. 7 Stable inheritance of resistance to TMV in transgenic tobacco progeny. a Symptoms observed in T,
transgenic and wild-type plants infected with TMV at 40 dpi. Bars, 5 cm. b Virus accumulation was assessed
at 7 dpi using ELISA in T, transgenic plants. ¢ Virus accumulation was quantified at 7 dpi using gRT-PCR. d
Transcript levels of various Cas13 genes in T, transgenic tobacco plants. e DAB staining was performed on
infiltrated leaves of transgenic and control plants at 7 dpi. Bars, 1 cm. f H,O, content was measured in leaves
from different transgenic and wild-type plants at 7 dpi, with representative wells containing H,O, extract
shown below (in yellow). Statistical significance is denoted by differing letters at P<0.05 using Student’s
t-test. g SOD activity was measured in the leaves of various transgenic and wild-type plants at 7 dpi. Error
bars represent the mean +S.D. (n=3). **P<0.01

Limited off-target effects were revealed in different Cas13 transgenic cotton plants

We further examined the specificity of Casl3 systems for transcript knockdown by
assessing potential off-target effects. First, we analyzed the designed crRNAs tar-
geting GHCLA and GhPGF transcripts for sequence similarity with other sequences
using whole-transcriptome BLAST. Our findings indicated that the crRNA targeting
GhCLA exhibited at least 7-nt mismatches with non-target sequences (Additional file 2:
Table S6), whereas the crRNAs directed against GEPGF displayed a minimum of 5-nt
mismatches with other non-target sequences (Additional file 2: Table S7). Subsequently,
we performed transcriptome profiling through RNA sequencing (RNA-seq) on trans-
genic plants expressing various Cas13 orthologs (Additional file 1: Fig. S6f & S6g).

A comparative analysis was conducted on T, generation plants expressing the
LwaCasl3a, PbuCasl3b, RfxCasl13d, Casl3x.l, Casl3x.2, Casl3y.l, and Casl3y.2
systems to edit the GhCLA gene. We did not observe any global downregulation of
mRNA that could arise from the collateral activity of Cas13. Compared to the control
group, hundreds of genes were significantly altered (|fold change|>1.5; Padj<0.05),
with a notably higher number of upregulated genes than downregulated ones across
individual samples (Fig. 8a). Each Cas13 ortholog influenced the RNA expression of
some ortholog-specific genes; however, some consistency was observed among the
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various Casl3 samples simultaneously (Fig. 8b). All predicted off-target transcripts
were found to be insignificantly regulated by these Cas13 systems.

We further examined specific sets of differentially expressed genes (DEGs) associ-
ated with each ortholog to identify their enriched functional terms. The analysis of
KEGG pathway enrichment revealed that downregulated DEGs were predominantly
linked to pathways related to riboflavin metabolism, phenylpropanoid biosynthesis
and tryptophan metabolism (Fig. 8c). Despite both Cas13-associated and Cas13-reg-
ulated RNAs were enriched for several genes, we did not observe significant correla-
tion between Cas13 binding and Cas13-induced gene expression change (Additional
file 1: Fig. S6h). These findings provide compelling evidence that the identified down-
regulated DEGs are not attributable to conventional off-target effects. The enriched
functional pathways associated with these DEGs are primarily related to plant growth
and development, complicating the assessment of whether these differences arise
from the collateral activity of the Cas13 protein or from background noise.

Furthermore, we performed RNA-seq analysis on T, generation plants expressing
the Cas13x.2 system, which specifically targets and degrades the transcripts of GhCLA
(designated as Cas13X2C) and GhPGF (designated as Cas13X2P). Our results indi-
cated that Cas13x.2 induced a substantial number of DEGs following the knockdown of
either GhCLA or GhPGF (Fig. 8d & Additional file 1: Fig. S6i). We further compared the
downregulated DEGs and identified their enriched functional terms. Among the top 30

LwaCas13a vs Control PbuCas13b vs Control RfxCas13d vs Control Cas13x.1 vs Control

o
Cas13X2C vs Cas13X2P ° @ <"

oe ee® ©

Fig. 8 Off-target analysis of various Cas13 orthologs. a Volcano plots illustrating the down- and up-regulated
DEGs for various Cas13 orthologs, including LwaCas13a, PbuCas13b, RfxCas13d, Cas13x.1, Cas13x.2, Cas13y.1,
and Cas13y.2, in comparison to the control, which mediates the knockdown of the GhCLA gene. b Overlap
of DEGs among transgenic plants across various Cas13 orthologs. € The top 20 KEGG pathways enriched

with downregulated DEGs among seven Cas13 orthologs. d Volcano plots of down- and up-regulated DEGs,
Cas13X2C versus Cas13X2P. e Process-related Gene Ontology (GO) categories enriched in genes regulated

by various Cas13 orthologs targeting GhCLA and GhPGF, respectively. RNA-seq analysis was performed using
three independent biological replicates
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downregulated functional categories, 5 were found to be regulated by GhCLA and 3 cat-
egories were regulated by GhPGF (Fig. 8e). KEGG pathway enrichment analysis revealed
that the downregulated DEGs were mainly enriched in pathways related to phenylpropa-
noid biosynthesis, ABC transporters, and plant-pathogen interaction (Additional file 1:
Fig. S6j). These findings suggest that the production of certain downregulated DEGs
may arise from the knockdown of target transcripts or in response to external defense
mechanisms. The limited number of remaining DEGs, which is nearly negligible in com-
parison to the extensive cotton genome, may be attributed to background noise. Overall,
CRISPR/Casl13 serves as a precise and reliable tool for RNA knockdown, exhibiting high
efficiency and minimal off-target effects.

Discussion

CRISPR/Cas9 system has emerged as a remarkable tool for the precise manipula-
tion of DNA in plants [58—60]. It has been widely used for genetic modifications, dis-
ease diagnostics, and crop improvement across various organisms [61-63]. In contrast,
the CRISPR/Casl3 system serves as a robust mechanism for RNA degradation, allow-
ing for highly efficient and precise alterations without modifying the underlying DNA
sequence. Its compact structure, combined with inherent multiplexing capabilities, sig-
nificantly enhances its applicability in fundamental research within RNA biology as well
as in RNA-based diagnostic and therapeutic applications. Moreover, the continuously
expanding dead Cas13 (dCas13) toolkit facilitates a diverse array of RNA manipulations
with single-nucleotide precision and specificity [64—68]. Currently, various subtypes of
Casl3 proteins exhibit differences in size, off-target effects, collateral activity, toxicity,
and efficacy in eukaryotic cells. However, a significant number of active Cas13 proteins
remain uncharacterized in plant systems, primarily due to the complexities inherent
in plant genomes and the challenges associated with genetic transformation. Notably,
the application of Cas13 for the knockdown of endogenous mRNA has been explored
in a limited number of studies, the majority of which focus on the Casl3a subtype. In
this study, we investigated seven Cas13 orthologs from five subtypes: LwaCas13a (VI-
A), PbuCas13b (VI-B), RfxCas13d (VI-D), Cas13x.1 (VI-X), Cas13x.2 (VI-X), Cas13y.1
(VI-Y), and Casl3y.2 (VI-Y). A comprehensive evaluation of various CRISPR/Casl3
nucleases was conducted to achieve effective transcriptome editing of both endogenous
transcripts and RNA viruses, enabling us to identify the most catalytically active Cas13
orthologs that are suitable for plant transcriptome editing.

Through a systematic assessment of multiple CRISPR/Cas13 nucleases, we identified
seven CRISPR/Casl3 systems that are capable of cleaving targeted mRNA and reduc-
ing the levels of specific transcripts. RfxCas13d, Cas13x, and Casl3y demonstrated
higher editing efficiency when using the same crRNA, followed by PbuCas13b, and then
LwaCasl13a. Our findings indicate that Casl3 orthologs, particularly LwaCasl3a and
PbuCas13b, exhibit significantly lower editing efficiency in plant systems compared to
the levels observed in mammalian cells. The observed discrepancy may be attributed to
several factors, including the expression levels of Cas13/crRNA, the specific insertion
sites of T-DNA, and the types of cells involved. Notably, the editing efficiency of Cas13
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systems for the simultaneous degradation of two endogenous transcripts is evaluated for
the first time in plants, providing evidence for the potential utility of employing Cas13
orthologs in multiplexed editing. The transient expression of the TRV-GEFP fluorescent
reporter system visually demonstrated that the Casl3 systems effectively degraded the
target TRV transcripts, thereby inhibiting viral transmission. Viral inoculation assays
revealed that the successfully expressed Cas13/crRNA effectively cleaved or degraded
TMYV transcripts, resulting in a reduced accumulation of viral particles.

Despite the capabilities of CRISPR/Cas13 to target ssSRNA across various organisms,
inherent limitations associated with RNA targeting and binding that may constrain its
applications. A significant limitation is the collateral activity of Cas13, which can lead
to nonspecific RNA cleavage [18, 45, 69]. It has been reported that the collateral activ-
ity of Cas13 may result in chromatin collapse, potentially contributing to global mRNA
downregulation and inhibition of DNA replication [16, 70]. However, we did not observe
any global downregulation of mRNA that could arise from the collateral activity of
Cas13. Moreover, the transgenic plants exhibited no significant growth defects or vari-
ations. RNA-seq analysis of various samples identified several downregulated DEGs in
our study, with some DEGs are associated with target transcripts and others are linked
to external defense responses. The limited number of remaining DEGs, which is nearly
negligible compared to the extensive cotton genome, complicates the assessment of
whether these DEGs can be attributed to background noise or represent a side effect
of the paracrine activity of Cas13. Importantly, all predicted off-target transcripts were
found to be not significantly regulated by these Cas13 systems. These findings indicate
that CRISPR/Cas13 functions as a precise and reliable tool for RNA knockdown, exhib-
iting minimal off-target effects. While substantial and unequivocal evidence supports
the existence of collateral activity for Cas13 in vitro and within bacterial systems, the
extent of this activity appears to vary across different studies conducted on eukaryotic
cells. Recent investigations indicate that the extent of collateral activity is significantly
influenced by multiple factors, including cell type [18, 70], target RNA abundance [17,
44, 70], subtypes of Cas13 proteins [17], expression levels of Cas13/crRNA [7], and even
cellular pH [71-73]. These factors may elucidate the contradictory results reported in
the literature.

Previous studies have reported neurotoxic and embryotoxic effects associated with
certain Casl3 enzymes in mammalian cells [54, 56]. However, callus and transgenic
plants containing seven Cas13 systems (in cotton and tobacco) did not show any signifi-
cant toxic effect during the genetic transformation process in our study. Transcriptome
analyses further indicated limited differences in the downregulation of gene expression
among the seven Cas13 proteins. Additional research is warranted to explore alternative
strategies aimed at mitigating the toxic effects and collateral activity of Casl3 in vari-
ous organisms. A few studies on insects and plants have reported that, in the absence
of Casl3, crRNA alone can effectively knockdown target RNAs, thereby facilitating
RNA interference [74]. Our findings demonstrate that the CRISPR/Cas13 enables the
stable inheritance of gene knockdown effects and associated phenotypes across genera-
tions. The transgenic progeny that exhibited trait segregation, resulting in plants devoid
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of CRISPR/Cas13 proteins, did not show significant differences in the transcript levels
of target genes when compared to wild-type plants. Individual controls for crRNA and
Cas13 are crucial for accurately evaluating such activity. Therefore, further investigation
is warranted to ascertain whether this phenomenon can occur in the presence of both
Casl3 and crRNA.

Conclusions
In summary, the CRISPR/Cas13 approach offers a robust and reliable platform for tran-
scriptome editing in gene analysis and plant research, with considerable potential for

applications in transcriptome engineering.

Methods

Vector construction

Seven Casl3 orthologs were codon-optimized and synthesized by Kingsley Company.
The pRGEB32-GhU6.7-NPTII vector was linearized using BstBI and Xbal. Subsequently,
the full-length Cas13 was ligated into the linearized pRGEB32-GhU6.7-NPTII using the
ClonExpress® II One Step Cloning Kit to obtain pRGEB32-GhU6.7-Cas13-NPTII. The
tRNA-gRNA transcription unit has been used to effectively enhance crRNA transcrip-
tion in the CRISPR/Cas system for plant genome editing [47, 75, 76]. In this study, the
pGhlU6-7 was selected to drive the crRNAs transcription. The sequences of these Cas13
orthologs are provided in Additional file 3.

Vector construction of the TRV-GFP system

By comparing the original sequence of TRV RNA2 with the actual sequence of the
sequenced TRV vector, we identified the location of the viral coat protein of the
TRV2 vector. Using Gateway cloning, we ligated the amplified GFP sequence into the
pGWB404 vector. The TRV CP-encoding sequence has been fused with the GFP-encod-
ing sequence, thereby preserving its capacity for efficient replication and expression of
the GFP protein in infected leaves.

Construction of crRNAs targeting different transcripts

The crRNAs targeting specific transcripts were designed using Casl3 design (https://
cas13design.nygenome.org/) and subsequently verified using the NCBI BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) to minimize unwanted mRNA off-target bindings in
the cotton genome. The sequences of TMV and TRV were retrieved from NCBI Refer-
ence Sequence: NC_001367.1 and NC_003811.1, while the sequences of the GZCLA and
GhPGF genes were obtained from Cotton FGD (https://cottonfgd.net/). All the corre-
sponding crRNAs sequences are listed in Additional file 1: Table S1.

Genetic transformation

The vectors constructed for the target genes were introduced into Agrobacterium strain
GV3101 via electroporation. The upland cotton (Gossypium hirsutum L.) cultivar JIN668
served as the recipient for transformation [77]. Seeds were sterilized and cultured in a
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dark chamber for 5-6 days at 30 °C. Hypocotyls were excised into 5-7 mm segments
and used as explants for Agrobacterium-mediated transformation, following our previ-
ous reports [78]. Nicotiana benthamiana (K326) was used as the recipient for transfor-
mation using the leaf disk method. Seedlings were subsequently transferred to a nutrient
solution for hydroponic cultivation for an additional 3—5 days prior to being planted in

the greenhouse.

Molecular analyses of transgenic plants

Genomic DNA was extracted using the CTAB method, and positive transformants were
identified by PCR with corresponding Cas13-specific primers. Total RNA was extracted
and reverse-transcribed into ¢DNA utilizing the Polysaccharide Polyphenol RNA
Extraction Kit (Tiangen, China). For each sample, 3 pg of total RNA was transcribed
into cDNA using M-MLV reverse transcriptase (Promega, USA). Real-time PCR was
conducted on a CFX96 real-time PCR system employing SYBR Green Supermax (Bio-
Rad Laboratories, CA, USA). The thermal cycling parameters were as follows: 95 °C for
2 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 35 s. Empty vector-trans-
formed plants (vector without crRNA) served as negative controls. qRT-PCR results
were analyzed using the 27*ACT method, where differences between average CT values
of target genes and the reference gene GhUBQY7 from three biological replicates were
used to calculate the relative expression levels of target genes, normalized against con-
trol groups. All primers are listed in Additional file 2: Table S8.

RNA-seq and analysis

To analyze the functional specificity of Cas13 effectors, RNA was extracted with above
method, fragmented and reverse-transcribed to cDNA with a HiScript 11 One Step RT-
PCR Kit according to the manufacturer protocol. An RNA-seq library was generated
with a TruSeq Stranded Total RNA library preparation kit using the standard protocol.
The transcriptome libraries were sequenced using a 150-bp paired-end Illumina Xten
platform. RNA-seq data were analyzed as previously described and presented as the
mean of all repeats [79]. DESeq2 (ref. 47) was used to calculate differentially expressed
genes. Genes with |fold change|>1.5, adjusted P<0.05 were treated as differentially
expressed genes. A customized script, HTSeq2FPKM.pl, was used to calculate frag-
ments per kilobase per million mapped fragments (FPKM) values from the read count
matrix for plotting visualization. RNA-seq analysis was performed with three independ-

ent biological replicates.

TRV inoculation

The pTRV1 and pTRV2 strains were activated in 10 mL of LB medium at 28 °C with
shaking at 200 rpm for a duration of 16 h. Subsequently, the broth was collected into
a 10 mL centrifuge tube and subjected to centrifugation at 4000 rpm for 15 min. The
resuspension solution containing pTRV1 and pTRV2 was mixed in equal volumes (1:1),
maintaining optical densities (ODy,,) between 0.6 and 1.2. Agrobacterium strains car-
rying the binary pTRV1, and the engineered pTRV2 genome harboring crRNAs against
TRV-GFP genome were combined. In addition, the TMV-GFP infectious clones were
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co-delivered into N. benthamiana leaves via Agrobacterium -infection. A non-specific
crRNA (ns-crRNA) with no sequence similarity to the TMV-GFP genome served as
a control. After 2 days of dark treatment, the GFP signals in the leaves of the infected
plants were observed under ultraviolet (UV) light.

Detection of chlorophyll contents

Chlorophyll content was measured according to a previously established method with
some modifications [80]. Absorbance was recorded at 663.6 nm and 646.6 nm using a
spectrophotometer (UV757CRT, Shanghai). For chlorophyll extraction, the plant mate-
rial was cut into 1 mm pieces and transferred to a 10 mL graduated test tube. Subse-
quently, 2 mL of dimethyl sulfoxide (DMSO) was added, and the tubes were incubated
at 65 °C in the absence of light until the plant material became white or transparent. To
dilute the DMSO extract, 8 mL of 80% (v/v) acetone was added, and absorbance was
determined at both wavelengths using the spectrophotometer. Chlorophyll concentra-
tions were calculated using the following formulas: Ca (mg L™!) =12.27 x Agg s—2.52 x
Agise Cb (mg L) =20.10 X Agyg s—4.92 X Az s Ct (mg L) =Ca+Cb=7.35x Ay
+17.58 x Agy66- Three replicates were assayed for each sample.

Detection of gossypol content

Gossypol content was measured according to the aniline colorimetric method with
some modifications [81]. A total of 5 g of the crushed sample was combined with 20 mL
of glass beads (6 mm) and 3 mL of ascorbic acid solution, and then mixed by shaking
for 3 min. The mixture was subsequently subjected to ultrasonic extraction and filtra-
tion. The filtrate was diluted to a final volume of 50 mL with the extraction reagent, and
4/5 mL portions of each filtrate were transferred to 25 mL test tubes, labeled as a, b, a,,
and b,. Next, 0.5 mL of freshly evaporated aniline was added to tubes b and b,, which
were then heated at 75 °C for 40 min. After cooling, the solution was mixed with tubes a
and b, and diluted to a final volume of 25 mL. The absorbance was measured at 445 nm
using a spectrophotometer (UV757CRT, Shanghai). The absorbance A, of the blank
assay solution b, was determined using a, as a reference, while the absorbance A of the
sample assay solution b was determined using a as a reference. Therefore, the difference
A—A, represented the absorbance value of the sample solution. Three replicates were
conducted for each sample.

Tobacco cultivation and virus inoculation
Tobacco seeds were germinated at 2540.5 °C for 2—3 days and then evenly sown in a
porcelain plate (30 cm in length, 20 cm in width, and 3 cm in height) filled with soil.
Subsequently, the tobacco seedlings were cultivated in a GXZ-type light incubator main-
tained at 25+ 0.5 °C, with a relative humidity of 75% =+ 5%, under a photoperiod of 14 h
of light and 10 h of darkness. At the eight to ten leaf stage, the tobacco plants were inoc-
ulated with TMV using the friction inoculation method.

Healthy transgenic tobacco plants were selected, and two control groups were estab-
lished: a blank control group (wild-type plants+ H,O), which served as the negative
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control, and an inoculation control group (wild-type plants+TMYV), which served as
the positive control. Three plants were randomly selected for each treatment, with three
replicates conducted. Infected leaves were collected at 7 dpi and stored at -80 °C after
being flash-frozen in liquid nitrogen to assess the activities of relevant defense enzymes.

Inoculation of TMV

Diseased leaves infected with TMV were collected for inoculation. The infected leaves
were placed in a mortar, and a 0.01 M phosphate buffer solution (PBS, pH 7.2) was added
at a dilution ratio of 1:6, followed by thorough grinding of the mixture. Subsequently, a
small amount of diatomaceous earth was introduced, and the resulting mixture was gen-
tly applied to the leaf surfaces of both transgenic and control tobacco plants by wiping it
2-3 times with a finger dipped in the diseased leaf extract. It is crucial to ensure that the
friction is gentle and unidirectional, moving from the base to the tip of each leaf. After
20 min post-inoculation, any residual disease sap and rubbing agent on the leaf surface
should be rinsed off using a wash bottle. Two to three leaves from each plant were inocu-
lated from top to bottom.

ELISA

Leaf samples collected independently from the plants were utilized for testing, and kits
containing anti-TMYV antibodies (Shanghai Huabang Biotech Co., China) were employed
according to the manufacturer’s protocols. Reactions were analyzed in triplicate, with
the raw readings from the samples—optical density values at a wavelength of 450 nm—
averaged and expressed as multiples of those obtained from negative controls. The crite-
ria for test validity included: average optical density of positive control wells >1.00 and
average optical density of negative control wells <0.15. The critical cutoff was calculated
as follows: Critical =average optical density of negative control wells+0.15. A sample
was considered negative if its optical density was less than the critical cutoft, while a
sample with an optical density equal to or greater than this value was deemed positive.
Three replicates were conducted for each sample.

Staining and detection of H,0,

3,3’-diaminobenzidine (DAB) staining was employed to tfor the qualitative detection
of hydrogen peroxide [82]. Leaves of Nicotiana benthamiana, including controls and
infected leaves, were vacuum-soaked in DAB solutions (2 mg/ mL) for 24 h. Leaves were
then transferred into 90% ethanol and boiled until complete decolorization occurred. A
hydrogen peroxide kit using the WST-8 method (Grace Biotechnology, China) was used
to quantify H,O, content. The absorbance of the supernatant was measured by a spec-
trophotometer. Three replicates were analyzed for each sample.

Activity measurement of superoxide dismutase

To assess the activities of antioxidant enzymes, systemic leaves from TMV-infected and
mock-inoculated plants were collected at 7 dpi. Activity of superoxide dismutase (SOD)
was determined using a superoxide dismutase assay kit (Grace Biotechnology, China).
Three replicates were analyzed for each sample.
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